Background. Podocytes are terminally differentiated glomerular cells expressing a highly complex architecture and lacking the ability to proliferate. However, during renal injury or stress these cells can re-enter into the cell cycle but fail to divide. As a consequence, bi-and multi-nucleated podocytes can be identified in renal biopsies from patients with various kidney diseases. It is still unclear whether the occurrence of such cells is dependent on or correlates with renal damage and if bi-or multi-nucleation results in ultrastructural alterations such as e.g. foot process effacement. Therefore, we investigated the frequency, correlation with clinical parameters and morphological consequences of podocyte bi-or multi-nucleation in a cohort of 377 patients suffering from different renal diseases. Methods. Renal biopsies from patients with minimal change disease (MCD; n ¼ 93), IgA-glomerulonephritis (IgA-GN, n ¼ 95), lupus nephritis (LN; n ¼ 90) and diabetic nephropathy (DN; n ¼ 99) were investigated for the occurrence of binucleated or multi-nucleated podocytes using semi-thin sections and light-microscopy at 1000Â magnification. The frequency of bi-nucleation and multi-nucleation in podocytes was correlated with clinical parameters and markers of renal injury. In addition, ultrastructural morphological features associated with podocyte bi-or multi-nucleation were analysed by scanning transmission electron microscopy at various magnifications.
A B S T R A C T
Background. Podocytes are terminally differentiated glomerular cells expressing a highly complex architecture and lacking the ability to proliferate. However, during renal injury or stress these cells can re-enter into the cell cycle but fail to divide. As a consequence, bi-and multi-nucleated podocytes can be identified in renal biopsies from patients with various kidney diseases. It is still unclear whether the occurrence of such cells is dependent on or correlates with renal damage and if bi-or multi-nucleation results in ultrastructural alterations such as e.g. foot process effacement. Therefore, we investigated the frequency, correlation with clinical parameters and morphological consequences of podocyte bi-or multi-nucleation in a cohort of 377 patients suffering from different renal diseases. Methods. Renal biopsies from patients with minimal change disease (MCD; n ¼ 93), IgA-glomerulonephritis (IgA-GN, n ¼ 95), lupus nephritis (LN; n ¼ 90) and diabetic nephropathy (DN; n ¼ 99) were investigated for the occurrence of binucleated or multi-nucleated podocytes using semi-thin sections and light-microscopy at 1000Â magnification. The frequency of bi-nucleation and multi-nucleation in podocytes was correlated with clinical parameters and markers of renal injury. In addition, ultrastructural morphological features associated with podocyte bi-or multi-nucleation were analysed by scanning transmission electron microscopy at various magnifications.
Results. Ultrastructural analysis of podocyte nuclear morphology revealed a broad spectrum of nuclear appearances. Therefore, podocytes were classified in cells with mononucleated, lobulated, potential bi-nucleated, symmetrically bi-nucleated, asymmetrically bi-nucleated and multinucleated nuclear morphology. In 65-80% of all investigated glomeruli only mono-nuclear podocytes were identified. The highest frequency of bi-nucleated podocytes was found in patients with IgA-GN (18.6%) and the lowest in patients with DN (5.6%). The proportion of bi-nucleated podocytes with asymmetric nuclear morphology was about 50% of all binucleated podocytes and independent of the underlying renal disease. In addition, ultrastructural analysis by electron microscopy showed significant widening of foot processes in bi-nucleated compared with mono-nucleated podocytes. Interestingly, foot process width of podocytes with lobulated nuclei was also significantly increased compared with podocytes with normal mono-nuclear morphology. Furthermore, podocyte density per glomerular area was significantly lower in glomeruli with bi-nucleated podocytes. Due to the relatively low frequency of bi-and multinucleated podocytes, correlations with clinical parameters were weak and dependent on renal disease. Conclusions. The frequency of bi-nucleated podocytes was highest in IgA-GN but can also be observed in all investigated renal diseases. In podocytes with altered nuclear morphology particularly in bi-and multi-nucleated podocytes ultrastructural analysis of podocytes revealed significant widening of foot processes as a potential maladaptive structural consequence.
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I N T R O D U C T I O N
Podocytes are terminally differentiated visceral epithelial cells that are pivotal for glomerular function [1, 2] . They enwrap the glomerular capillaries by interdigitating foot processes that build up a slit diaphragm for ultrafiltration of the blood [2, 3] . This highly complex architecture with its organization in podocyte body, primary and secondary foot processes is stabilized by a complex actin-cytoskeleton. This complex cytoskeleton is required to maintain podocyte function and was suggested to be the reason for terminal differentiation [4, 5] . Several mechanisms have been identified preventing podocyte re-entry into the cell cycle in healthy kidneys, e.g. overexpression of cyclin-dependent kinase inhibitors, downregulation of cyclins and lack of aurora kinase B [6, 7] . Since post-mitotic cells lack the ability to regenerate by proliferation, a loss of podocytes is associated with progressive glomerulosclerosis and decline of kidney function as described for patients with IgA-glomerulonephritis (IgA-GN) [8] , diabetic nephropathy (DN) [9] or hypertensive nephrosclerosis [10] [11] [12] . Furthermore, loss of podocytes was identified as an important determinant of long-term unfavourable prognosis in DN [13] . However, in renal disease podocytes frequently re-enter the cell cycle from G0 into M phase despite their terminal differentiation [14, 15] . Nevertheless, these podocytes are unable to undergo successful cytokinesis and fail to divide, resulting in binucleated or multi-nucleated podocytes [16] [17] [18] [19] . To date the role of podocyte bi-nucleation in the progression of renal diseases or influence on renal function or haematuria remains unclear. Some studies suggest that re-entry into the cell cycle is required for podocyte hypertrophy [12, 20] . In contrast, podocyte re-entry into the cell cycle can also be deleterious. Morphological alterations observed in podocyte nuclei might be the consequence of Notch pathway activation. In renal disease, persistent activation of the Notch pathway in podocytes was shown to induce G(2)/M checkpoint override resulting in cytoskeleton disruption and death by mitotic catastrophe [21] . Recently we were able to demonstrate in in vitro studies, that binucleation of podocytes was associated with reduced survival in response to second injury [17] . Therefore, we assessed the frequency of bi-and multi-nucleated podocytes in four different renal diseases including minimal change disease (MCD), IgA-GN, lupus nephritis (LN) and DN. Furthermore, we looked for ultrastructural changes in bi-and multi-nuclear podocytes and their association with renal disease and clinical parameters.
M A T E R I A L S A N D M E T H O D S

Human renal biopsies
A total 377 renal biopsies were collected from patients with various renal diseases of different pathogenesis: MCD, n¼ 93; IgA-GN, n ¼ 95; LN, n ¼ 90; and DN, n ¼ 99. These four diseases were selected because of a high prevalence in our population and a striking difference in glomerular structural alterations. Biopsy selection was random from the last 5 years of the renal biopsy registry. Patients characteristics including renal function, glomerulosclerosis index (GSI) and crescent formation are summarized in Table 1 . Specimens analysed ultrastructurally contained a mean number of three glomeruli and were fixed in glutaraldehyde, embedded in Epon and cut semi-and ultra-thin. The use of archival material of the Department of Nephropathology was approved by the Ethics Committee of the Friedrich-Alexander University of Erlangen-Nuremberg, waiving the need for retrospective consent for the use of archived rest material (Re.-No.4415).
Evaluation of retrospective clinical data
Clinical parameters were available at the time of biopsy. The following parameters were included for correlation analysis of podocyte bi-or multi-nucleation using SPSS software: age, sex, hypertension, diabetes, serum creatinine (mg/dL), serum urea (mg/dL), creatinine clearance (mL/min), estimated glomerular filtration rate (mL/min), proteinuria (g/day), haematuria (Ery/ VF) and leucocyturia (Leuco/VF).
Histopathological evaluation of semi-thin sections
On toluidine blue-stained semi-thin sections the area of glomerular tuft/glomerular cross-section was determined using Olympus Bx60 light microscope and cellSense software (Olympus Deutschland GmbH, Hamburg, Germany). Furthermore, the total number of podocytes per glomerular cross-section was counted. Cells at the outer aspect of glomerular capillaries with foot processes covering the basement membrane were identified as podocytes. For direct correlation of podocyte nuclear morphology and number with glomerular changes, including mesangial matrix accumulation and sclerosis, were assessed by a semi-quantitative GSI. This analysis was performed on the same semi-thin sections used for podocyte nuclear analysis. In addition, crescent formation was evaluated at 200Â magnification. Podocyte nuclei were classified at 1000Â magnification as bi-nucleated if: (i) the distance between nuclei is >3 mm or (ii) the two nuclei differed in morphology and/or showed Bi-nucleation of podocytes and foot processes widening in renal disease obvious pathological alteration of the nuclei like condensation. All bi-nucleated podocytes that did not meet these criteria were subsequently classified as podocytes with potentially binucleated nuclei since bi-nucleation cannot formally be excluded. In addition, podocytes with increased, nuclear lobulation were classified as lobulated (Figures 1 and 2 ).
Ultrastructural evaluation
For electron microscopic investigations at least 12 biopsies with bi-nucleated podocytes per renal entity were analysed using ultra-thin sections and scanning transmission electron microscopy (STEM) with a Zeiss Sigma electron microscope (Zeiss, Oberkochen, Germany) at 5000-10 000Â magnification. Measurement of podocyte foot process width that could clearly be assigned to mono-nucleated, lobulated, potential binucleated, bi-nucleated or multi-nucleated podocytes was performed using ZEN-software (Zeiss).
Statistical analyses
As in the Kolmogorov-Smirnov test many data sets were not normally distributed, data were analysed using the 
R E S U L T S
Podocyte nuclear morphologies in renal diseases show a wide spectrum Identification of bi-nucleated podocytes is challenging due to a large variation in podocyte nuclear morphology. Using semi-thin sections, we frequently observed podocytes with two nuclei in close proximity ( Figure 1A and B), which was confirmed by electron microscopy ( Figure 1C and D) . However, we realized that some podocyte nuclei are large in size and show a lobulated morphology ( Figure 1E-H) , indicating that not all podocytes with two nuclear sections were indeed bi-nucleated. Since a 2D analysis of semi-thin or ultra-thin sections cannot guarantee a correct classification of podocyte nuclear number, we defined criteria to identify true bi-nucleated podocytes as described in the Materials and methods section to reduce the number of incorrectly identified bi-nucleated podocytes (Figure 2 ).
Frequencies of bi-and multi-nucleated podocytes in renal biopsies
In 65-80% of biopsies, it was analysed that podocytes were mono-nucleated ( Figure 3A) . The highest frequency of binucleated podocytes was found in biopsies from patients with IgA-GN (18.6%) followed by LN (12%) ( Figure 3B ). In contrast, the percentage of patient biopsies with bi-nucleated podocytes was only 7.8% in MCD and 5.6% in DN ( Figure 3B) . Interestingly, the mean numbers of potentially bi-nucleated podocytes/glomerular cross-section in all four investigated renal diseases ranged between 0.24 6 0.04 (LN) and 0.43 6 0.07 (IgA-GN) ( Figure 3C ). However, the number of podocytes fulfilling the criteria for bi-nucleated podocytes was much lower (only 10-35% of the potential bi-nucleated podocytes), showing mean numbers of bi-nucleated podocytes per glomerular cross-section ranging from 0.03 6 0.01 (DN) to 0.15 6 0.04 ( Figure 3D ). In all investigated renal diseases about 50% of the binucleated podocytes showed asymmetric nuclei ( Figure 3E ). Multi-nucleated podocytes were similarly infrequent ranging from 0.02 6 0.01 (MCD) to 0.04 6 0.02 (IgA-GN) mean numbers per glomerular cross-section in all investigated renal diseases ( Figure 3F ).
Bi-nucleation of podocytes is accompanied by increased foot process width
Next we assessed for morphological changes associated with podocyte bi-nucleation by measuring foot process width using STEM ( Figure 4E and F) . Although podocytes with different nuclear morphologies/numbers showed a high variation in foot process width, foot processes from mono-nucleated podocytes were significantly smaller than all other types (mono-nucleated versus bi-nucleated, P < 0.001) ( Figure 4A ). Interestingly, podocytes with clearly lobulated nuclei also had expanded foot processes, indicating that expansion occurs also in podocytes with altered nuclear morphology without bi-nucleation ( Figure  4A ). Furthermore, podocytes with two nuclear sections not meeting the criteria for bi-nucleation had significantly increased foot process widths, indicating that some of these podocytes nevertheless were bi-nucleated ( Figure 4A ). Differences can be shown to be more impressive using a cut-off for foot process width. While $50% of foot processes from mono-nucleated podocytes measured <600 nm, only 19% of lobulated and <3% of bi-and none of the multi-nucleated podocytes had foot processes in this range ( Figure 4B ). Interestingly, foot process width was increased in bi-nucleated podocytes independent of the causative renal disease ( Figure  4D ), when compared with mono-nucleated controls ( Figure  4C ). However, in mono-nucleated podocytes foot process width was lowest in MCD, being significantly different from values measured in LN ( Figure 4C ). In addition, podocyte density, as assessed by podocyte number per glomerular cross-sectional area, was significantly (P < 0.001) reduced in glomeruli with potentially bi-nucleated and bi-nucleated podocytes, while multi-nucleated podocytes failed to reach the significance level due to low number of cases compared with glomeruli with exclusively mono-nucleated podocytes ( Figure 5A ). In addition, glomerular cross-sectional area, as an indicator for glomerular enlargement, was independent of the presence of bi-nucleated podocytes but showed a tendency to be increased when multinucleated podocytes were detected ( Figure 5B ).
Correlation of clinical parameters and bi-nucleated podocytes
It is not surprising that associations between podocyte binucleation and clinical parameters are weak or lacking since only single podocytes within investigated glomeruli showed changes in nuclear number and morphology. Significant correlations of the number of bi-nucleated podocytes per glomerular cross-section with kidney function, as assessed by serum creatinine, serum urea and proteinuria, were not found ( Table 2 ). In addition, there was no association between the number of binucleated podocytes per glomerular cross-section with the GSI (Table 2 ). Only in biopsies of IgA-GN patients a weak positive correlation of the GSI with the number of asymmetric binucleated podocytes per glomerular cross-section (Table 2 ; r ¼ 0.231, P ¼ 0.028) was found. In addition, serum urea in DN showed a tendency to correlate with the number of bi-nucleated podocytes per glomerular cross-section (Table 2 ; r ¼ 0.262, P ¼ 0.055).
D I S C U S S I O N
The aim of this study was to assess the frequency and potential ultrastructural changes in bi-and multi-nucleated podocytes in four common human renal diseases of different pathogenesis. Despite the fact that podocytes are terminally differentiated and thus do not multiply, they can re-enter into the cell cycle during renal injury but fail to divide [7, 22] . Consequently, the occurrence of bi-and multi-nucleated podocytes can be observed in animal models such as the passive Heymann nephritis model (PHN) of membranous nephropathy [23, 24] , anti-Glomerular basement membrane (GBM) model [23] or in puromycine aminonucleoside nephrosis rats treated with fibroblast growth factor (FGF)-2 [25] , but also in human renal diseases such as cystinosis [18] , focal segmental glomerulosclerosis, IgA-GN and LN [26] . In addition, in nephropathic cystinosis a high frequency of multi-nucleated podocytes is a key diagnostic feature [27] . However, only limited studies on human renal disease exist that give insight into the frequency of bi-nucleated podocytes in renal disease. Using light and electron microscopy 164 human renal biopsies were examined in two different singlecentre consecutive studies. In the first study 6 cases (3.7%) [26] and in the second study 12 cases (7.4%) [28] with bi-nucleated podocytes were identified. In contrast, in our study we investigated a large set of renal biopsies (n ¼ 377) with selected diagnoses of MCD, IgA-GN, LN and DN. Interestingly, the number of bi-nucleated podocytes was in a similar range in biopsies of MCD and DN but was clearly higher in IgA-GN and LN biopsies. This discrepancy might be due to inclusion of biopsies with less progressed renal diseases or the underlying pathomechanisms. Much higher numbers of bi-nucleated or mitotically active podocytes were identified e.g. in animal models using longterm treatment with FGF-2 or in the PHN-model with additional FGF-2 supplementation [19, 29] . In the study using long-term treatment with FGF-2 some rats showed at least one or more bi-or multi-nucleated podocyte per glomerular section [29] . In addition, these authors found a significant correlation of structural glomerular damage and serum creatinine levels with the presence of bi-nucleated podocytes [29] . In contrast to the animal study by Kriz et al. [29] , here we only observed weak correlation of bi-nucleation with glomerular changes restricted to IgA-GN. Association with renal function, e.g. serum creatinine, was lacking. This is in accordance with earlier studies in human biopsies detecting bi-nucleated podocytes in patients with IgA-GN, LN, HIV-associated nephropathy and DN that also failed to detect a correlation with renal function [12] . The absence of an association of bi-nucleated podocyte number with structural and functional renal parameters is a Foot processes width is increased in podocytes with altered nuclear number and morphology. Foot process width was measured in podocytes with different nuclear number and morphology using electron microscopy (A; *P < 0.05, ***P < 0.001 versus mono-nucleated nuclei). The percentage of foot processes with a width below 600 nm in podocytes with different number of nuclei or changed morphology is shown (B). Foot process width dependent on renal diseases measured in mono-nucleated (C; **P < 0.01 versus LN) and bi-nucleated podocytes (D). Representative examples for podocytes used for measurement of foot processes: mono-nucleated (E) and bi-nucleated podocyte (F). Scale bar represents 4 mm in electron microscopic pictures. A color version of the figure is available in the online supplemental material.
FIGURE 5: Changes in podocyte density and glomerular area dependent on the occurrence of altered podocyte nuclear number. The number of podocytes/glomerular cross-section (gcs) area are shown in glomeruli with only mono-nucleated podocytes and occurrence of bi-or multinucleated podocytes is shown (A; ***P < 0.001 versus mono-nucleated podocytes). Glomerular cross-sectional area is shown dependent on occurrence of mono-, potential bi-, bi-and multi-nucleated podocytes (B).
consequence of the limited material processed for semi-and ultra-thin sections when processing human biopsies.
Next we analysed consequences of nuclear changes on podocyte ultrastructure particularly on foot process widening. First, the large spectrum of morphologic variants in podocyte nuclei impeded clear classification of podocyte nuclei in mono-or bi-nucleated podocytes. In vitro studies described different variants in nuclear morphology with differences in chromatin density and shape in permissive and differentiated podocytes [30] . Similar to the observations in vitro we observed a high variation in nuclear morphology in podocytes from patients with various renal diseases. Here, we describe for the first time lobulation of podocyte nuclei in human biopsies. These nuclei are increased in size and form lobes by curving or embayment and were subsequently classified as lobulated, as depending on the section plane, podocytes with two nuclear sections could be identified that can be allocated to a single nucleus. To avoid false-positive classification of bi-nucleated podocytes we defined strict criteria to improve correctness of our classification. However, there are numerous nuclei that neither fulfil our criteria for bi-nucleation nor can lobulation or bi-nucleation be excluded. Therefore, these podocytes were classified as potentially bi-nucleated. Multi-nucleated podocytes were described in cystinosis and focal segmental glomerulosclerosis in earlier studies detecting only low numbers of podocytes with multi-nucleated podocytes [18, 19, 26] . In our study we confirmed the low frequency of multi-nucleated podocytes; however, we could detect this feature in all four investigated renal diseases.
Recently, in in vitro studies, we could show reduced survival of injured bi-nucleated compared with mono-nucleated podocytes using differentiated bFGF-stimulated podocytes [17] . In this study, we investigated changes in podocyte ultrastructure as a consequence of bi-nucleation being an indicator of increased podocyte injury or stress. Bi-and multi-nucleated podocytes formed foot processes with significant increased width. In addition, similar observations could be made for lobulated and potential bi-nucleated podocytes, indicating that changes in podocyte nuclear structure already resulted in changes of foot process width and presumably also glomerular function. The increased size of lobulated podocyte nuclei might indicate re-entry of these cells into cell cycle without progressing to nuclear division. Widening of foot processes is one of the characteristic changes in the process of foot process effacement, which has been often observed in different proteinuric renal diseases such as focal segmental glomerular sclerosis, MCD, IgA-GN or DN [31] . Current studies suggest that foot process effacement is not a consequence of proteinuria, but depends on the underlying renal disease [12] . Podocyte foot process effacement is assumed to be a stereotypical answer of podocytes to injury, but the exact mechanism is as yet unknown. However, we could show that podocyte foot process widening varies and is preferentially seen in podocytes with bi-nucleated and morphologically altered (lobulated) nuclei. If lobulation of podocyte nuclei is the first step in podocyte alteration, high numbers of lobulated podocytes may reflect an early disease and low numbers a more progressed disease. However, we could not detect negative correlation between, for example, glomerular sclerosis and the number of lobulated podocytes. Furthermore, observed nuclear morphological alterations, especially podocytes with asymmetric bi-nucleated nuclei, could be the expression of a death mechanism known as mitotic catastrophe [12, 28, 32] .
Our study is limited by the low number of investigated glomerular cross-sections per patient and the restriction of the investigation to 2D slides resulting in somehow limited characterization of podocyte nuclei. The classification of 'potential binucleated' podocyte nuclei includes both bi-nucleated and lobulated podocyte nuclei. In addition, we cannot exclude binucleation in podocytes classified as mono-nucleated (false negative) since a second nucleus can be located outside of the section plane.
In conclusion, we hypothesize that bi-nucleated as well as lobulated podocytes may play an important role during development of various renal disease indicated by increased foot process effacement compared with mono-nucleated podocytes. However, genesis of lobulated podocytes is as yet unknown and the role of cell cycle re-entry in formation of lobulated podocyte nuclei has to be proven in future studies.
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